The repair of the base analog 2-aminopurine has been studied in vivo by using a temperature-sensitive mutant of the cloned mutH gene of Escherichia coli. Our results suggest that the lethal event in killing of dam mutants by 2-aminopurine does not result simply from incorporation of 2-aminopurine into the DNA and its subsequent repair. Furthermore, a 10-fold increase in the level of 2-aminopurine incorporated into the DNA of a dam mutH double mutant has little effect on the mutation frequency of this strain. An alternative mechanism for the mutagenicity of 2-aminopurine in E. coli is proposed.
The repair of the base analog 2-aminopurine has been studied in vivo by using a temperature-sensitive mutant of the cloned mutH gene of Escherichia coli. Our results suggest that the lethal event in killing of dam mutants by 2-aminopurine does not result simply from incorporation of 2-aminopurine into the DNA and its subsequent repair. Furthermore, a 10-fold increase in the level of 2-aminopurine incorporated into the DNA of a dam mutH double mutant has little effect on the mutation frequency of this strain. An alternative mechanism for the mutagenicity of 2-aminopurine in E. coli is proposed.
One of the mechanisms by which Escherichia coli maintains a low spontaneous mutation frequency is through a methyl-directed DNA mismatch repair pathway (for reviews, see references 4, 37, and 41). This repair system scans the daughter strand for errors introduced during DNA replication. An incorrect base on the daughter strand is recognized by the repair complex because the newly synthesized daughter strand is transiently undermethylated. In E. coli, the methylation of adenine in the sequence 5'-GATC-3', which is controlled by the Dam methylase (1, 9, 17, 18, 24, 32) , is thought to be responsible for the recognition of the daughter strand (49) . Consistent with this model, dam mutants have a 10-to 100-fold increase in their spontaneous mutation frequency (33) due to their inability to discriminate between the parental and the daughter strand, since presumably both are unmethylated. Conversely, strains that overproduce the Dam methylase are also hypermutable, since the nascent strand is methylated before it can be repaired (17, 35) .
The base analog 2-aminopurine (2AP) has been used extensively to study the mechanism of mutation in both bacteria and mammalian cells (for a review, see reference 43) . Since 2AP can form base pairs with either thymine or cytosine, mutagenesis with this analog results primarily in transition mutations (6) . 2AP has also been used in vivo to study the methyl-directed DNA mismatch repair pathway of E. coli, since dam mutants are extremely sensitive to 2AP (11) . This lethal effect is thought to be due to frequent misincorporations of 2AP during DNA replication. If 2AP were misincorporated twice in close proximity, then repair of the mismatches on opposite strands in a dam mutant could result in a lethal double-strand break in the E. coli chromosome (10, 50) .
In an effort to identify the genes involved in the methyldirected DNA mismatch repair pathway. Glickman and Radman (10) searched for second-site mutations that would reverse the lethal effects of 2AP in a dam mutant by eliminating the enzymes responsible for making the initial incision events. Mutations in three different genes were found that conferred 2AP resistance to dam strains. These mutations occurred in three previously identified, unlinked mutator genes of E. coli: mutH, mutL, and mutS. As a consequence of these experiments, these three genes have been referred to as the methyl-directed mismatch repair complex. Recently, all three were cloned (13, 15, 29, 38, 39) , * Corresponding author. and the study of their biochemical role in mismatch repair was begun (25, 27-29, 38, 48, 52) . In an effort to further understand the biological consequences of mismatch repair, we isolated two temperature-sensitive strains with mutations of the cloned mutH gene (16) . The in vivo experiments described in this paper with these mutants present new questions regarding the mechanism of mutagenesis by 2AP and also cell killing by 2AP in dam mutants.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains RG1051 (dam-3 mutH34) (16), RH411 (mutH34) (19) , RH800 (mutH1040) (20) , and CSH39 (dam' mutH+) (19) and the plasmids pRH71-17 (13, 16) , pMutHts7, and pMutHts21 (16) have all been described previously. Plasmid pMQ3 (1) was obtained from M. Marinus. A dam' mutH+ chimeric plasmid (pRG100) was constructed by inserting the 1.5-kilobase HindIII fragment of pRH72 (15) , which contains the complete mutH gene of E. coli, into the HindIl site of pMQ3. RG1061 (dam-3 mutH34 recA56 srl::TnlO) was prepared by P1 transduction of recA56 srl::TnlO from BR79 (from M. Yarmolinsky) into strain RG1051 and selection for tetracycline resistance. RG1061 was shown to be dam-3 by purifying the chromosomal DNA and demonstrating its resistance to cleavage by DpnI and its sensitivity to cleavage by MboI. DpnI cleaves DNA only at GATC sites that have been methylated by the Dam methylase, whereas MboI cleaves unmethylated DNA at GATC sequences (9, 24) . RG1061 was shown to be recA by its sensitivity to UV irradiation. Plasmid transformation into E. coli was performed by standard procedures (30) . Transformants were selected by resistance to ampicillin and screened for sensitivity to 2AP as described previously (16) .
Chemicals. 2AP (nitrate salt) was obtained from Sigma Chemical Co. [6-3H] 2AP (127 mCi/mg) was prepared by DuPont/NEN from 6-chloroguanine (Sigma) by catalytic reduction with tritium gas (5) . Ampicillin (Sigma) was added to L broth or L agar to a final concentration of 100 ,ug/ml; rifampin and nalidixic acid (Sigma) were added to 100 and 20 ,ug/ml, respectively. Cesium trifluoroacetate was obtained from Pharmacia Fine Chemicals.
Efficiency of plating assays. [3H]2AP-labeled DNA, isolated as described above, was digested to 5'-deoxynucleoside monophosphates (5'-dNMPs) in a 100-,ul reaction mixture containing between 10 and 20 p.g of DNA, 10 mM MgCl2, 2 mM CaCl2, 20 mM Tris hydrochloride (pH 8.0), and 10 ,ug of pancreatic DNase I at 37°C for 1.5 h. Snake venom phosphodiesterase (2 ,ug) was added, and the digestion was continued for 1.5 h. The reaction was stopped by the addition of trichloroacetic acid to 10%, incubated at 0°C for 10 min, and centrifuged at 8,000 x g at 4°C. The supernatant was extracted four times with 500 p.l of HPLCgrade ethyl ether to remove the trichloroacetic acid and was then evaporated to dryness. HPLC analysis was performed with a TSK ODS-120T column (5 ,um, 4.6 by 250 mm; LKB Instruments, Inc.) in 50 mM NaH2PO4 (pH 5.0)-5% methanol. The retention times (minutes) for the 5'-dNMPs were as follows: dCMP (4.5), dTMP (8.0), dGMP (8.8), d2APMP (14.2), and dAMP (17.6). The flow rate was 0.5 ml/min, and the absorbance was monitored at 260 nm. Since the absorbance of 2AP was too low to measure in these experiments, the relative specific activity was calculated by dividing the total radioactivity in each dNMP peak by the A260 peak height of dAMP in each DNA sample.
Nucleotide pool determination. Overnight cultures, which were grown in low-phosphate L broth (21) containing 100 ,ug of ampicillin per ml at 37°C, were diluted 1:20 into the same media (1 ml) and grown at 37°C for 1 h. 32Pi (100 ,uCi) was added, and the culture was grown for an additional 4 h. The cells were harvested by centrifugation for 1 min at 8,000 x g and suspended at 0°C in 1 ml of 50 mM Tris hydrochloride (pH 7.6)-10 mM disodium EDTA-1 mM NaF. Concentrated formic acid (100 RI) was added to 2.3 M. Unlabeled ATP, dATP, dCTP, dGTP, and dTTP (250 nmol of each) were also added as carriers and to determine recoveries in the final se.paration by HPLC. The samples were incubated at 0°C for 30 min and centrifuged at 8,000 x g for 10 min at 4°C. The supernatants were desalted over charcoal columns (53) and evaporated to dryness. The samples were then suspended in 500 pul of H20 and filtered through a Millex-HV4 filter unit (Millipore Corp.) to remove insoluble debris, evaporated to dryness, and suspended in 20 pI of 50% ethanol. Twodimensional thin-layer chromatography was performed on polyethyleneimine cellulose (2) . The first dimension was in 0.7 M LiCl-0.5 M Tris hydrochloride (pH 8.0), and the second dimension was in 0.7 M LiCl. The location of the individual triphosphates was determined by their UV-adsorbing spots. Each spot was scraped from the thin-layer chromatography plate and eluted with 1 M triethylammonium carbonate. ATP and dGTP migrated close to each other and were collected as one spot. The purified triphosphates were evaporated to dryness, washed with 90% ethanol, and finally suspended in 40 RESULTS Biological characterization of the temperature-sensitive MutH plasmids. Previously we cloned, identified the gene product of, and sequenced the mutH gene of E. coli (13, 15, 16) . During the course of this work, two temperaturesensitive mutants of the cloned mutH gene were isolated after hydroxylamine mutagenesis (16) . The strains containing plasmids carrying either of the mutated mutH genes were temperature sensitive to killing by the base analog 2AP (16) . The strain containing pMutHts7 was 100 times more sensitive to killing by 2AP at 30°C than was the strain with pMutHtS".
The complete nucleotide sequences of both of these temperature-sensitive mutH genes have been reported (16) . Each mutant was the result of a single transition mutation in two different regions of the structural gene. In pMutHtS" the amino acid at position 156 is changed from aspartate to asparagine, and in pMutHts7 the change is from threonine to isoleucine at position 27 (16) .
Since strains containing double mutations in dam and recA are lethal in a mut+ background (34, 36) , the dam-3 mutH34 recA56 triple mutant was constructed by P1 transduction of recA56 into the dam mutH double mutant. As expected, this strain was viable. However, the presence of either temperature-sensitive mutH plasmid resulted in a cold-sensitive lethal phenotype ( OI) were treated with 2AP at 200 pLg/ml at 30°C as described in Materials and Methods. At the times indicated samples were removed and plated at 30°C for surviving colonies. The percent survival was based on the total number of cells present at the time of addition of 2AP. and 1.91 mutants per 108 cells at 30 and 42°C, respectively), indicating that the mutant MutH protein was not adversely affecting the wild type mismatch repair complex. After each experiment, the mutant plasmids were reisolated and shown to confer temperature sensitivity toward killing by 2AP in a dam mutH strain. These results suggest that the involvement of MutH in the 2AP lethality of dam strains is different from its role in mismatch correction.
In vivo repair of 2AP damage in strains containing a temperature-sensitive mutH gene. The goal of these experiments was to investigate the repair mechanism of the adenine analog 2AP once it is incorporated into the DNA. pMutHts7 was used to study the repair of 2AP in a dam mutH strain in vivo. The time course of killing by 2AP at 30°C in a dam mutH strain containing either the wild-type mutH plasmid or pMutHts7 was studied by the addition of 2AP at 200 pug/ml to logarithmically growing cells. At various times after the addition of 2AP, the bacteria were diluted and plated in the absence of 2AP. Less than 10% of the dam mutH strain containing the wild-type plasmid survived after a 2-h incubation in the presence of this concentration of 2AP, whereas the strain containing pMutHts7 survived twice as long (Fig. 1) .
The incorporation of 2AP and the subsequent attempts by the cell to repair the abnormal base pair with cytosine has been presumed to cause the lethal event in dam strains (10) . Thus, the effect of preincubating the dam mutH strain containing pMutHts7 at the temperature permissive for growth in the presence of 2AP (42°C) was investigated. The bacteria were incubated in the presence of 2AP (200 ,ug/ml) for 3 h, at which time they were washed and incubated in the absence of 2AP at either 30 or 42°C. There was little effect on the cell survival by preincubation in the presence of 2AP (Fig. 2) . Based on the data of Fig. 1 (Fig. 3) . The 2AP was incorporated into a dam mutH strain carrying pMutHts7 at 420C. After 3 h there was a small (8.0%) decrease in the 3H radioactivity after incubation at 30°C (which should be the result of repair of 2AP) when compared with that after incubation at 420C (which should block the repair of 2AP). The DNA after a 3.5-h chase (Fig. 3) was purified by isopycnic density centrifugation in cesium trifluoroacetate, digested with pancreatic DNase I and snake venom phosphodiesterase, and analyzed for [6-3H]deoxy-2-aminopurine monophosphate ([3H]d2APMP) ( Table 3) . As has been reported previously (12, 43) (11) , more recent experiments question this interpretation since all of the surviving colonies were Mut- (31) . Thus, the effect of 2AP on the mutation frequency of wild-type, dam mutH, and mutH strains was studied. The mutation frequency of wild-type strains increased 200-fold in the presence of 2AP (Fig. 4) ; however, there was no effect on the mutation frequency in either mutH or dam mutH strains. The spontaneous mutation frequency of the latter two strains was 300 to 600 times that of the wild type. However, the only factor contributing to the mutagenesis by 2AP is presumably the possibility of hydrogen bonding with cytosine (43) . Therefore, if 2AP is being incorporated into the DNA of a mutH or dam mutH strain, then these strains should either mutate or die; they do neither.
Since an alternative explanation to the above result is that the incorporation of 2AP into DNA is substantially reduced in a mutH or dam mutH strain, the levels of [3H]2AP incorporation into a dam mutH strain containing different Fig. 3 . The DNA was then digested to 5'-dNMPs and analyzed by HPLC as described in Materials and Methods. mutH+, D), RG1051 (dam mutH, *), or RH411 (mutH, *) was determined by measuring the frequency of conversion to nalidixic acid resistance. These experiments were performed in the same way as those described in footnote b of (16) . The DNA was isolated as described in Materials and Methods, digested to 5'-deoxynucleotides, and analyzed for d2APMP by HPLC (Table 4 ). There was very little variation in the specific activities of either dAMP or dGMP among the four strains. As expected from the model for the repair of 2AP, there was a large increase (10-fold) in the amount of d2APMP incorporated by the dam mutH strain over the wild-type strain. A 56% reduction in the level of d2APMP was observed when the dam mutH strain was transformed to dam'. Yet, there was only a 6% reduction when the same strain was transformed to mutH+.
However, in comparing the dam' mutH+ strain with the mutH strain there was a 4.6-fold increase in the amount of 2AP found in the DNA. These results indicate that MutH is more efficient in removing 2AP from the DNA of dam' strains than dam strains. Taken together, the results of Fig.  4 and Table 4 indicate that even though the levels of 2AP incorporated into the DNA of a dam mutH strain is 10 times that of wild type, there is no corresponding increase in the mutation frequency.
Nucleotide pool levels in mutH strains. The above finding that 2AP is incorporated into the DNA of a dam mutH strain but is not mutagenic could be explained if the deoxyribonucleotide pool sizes were altered in dam mutH strains. For example, if the levels of dTTP were increased 10-fold in a mutH strain, then the mutator phenotype might be a result of this change. Consequently, exposure of a mutH strain to 2AP would not change the mutation frequency, since the chances of forming mismatches with cytosine would be diminished. Also the exposure to 2AP might not be mutagenic if the dCTP pools were lowered relative to the dTTP pools or if the dATP pools were substantially increased. Similarly, mutant mouse T-lymphosarcoma cells that have an abnormally high dCTP pool and low dTTP pool are threeto fivefold more mutable by 2AP than is the parent cell line (3) . Interestingly, mutH, mutL, and mutS cotransduce with thyA, purA, and pyrG, respectively, all of which are involved in nucleotide metabolism. There are two major problems with measuring nucleotide pools. First, the pool sizes must be normalized to an internal standard so that comparisons can be made between strains. This problem has been solved by normalizing our results to the levels of ATP (2) . Second, the variable recoveries for each nucleotide must be controlled. This problem has been eliminated by adding a known amount of carrier dATP, dCTP, dGTP, dTTP, and ATP at the time of cell lysis and quantitating the yields of these carrier dNTPs. After initial separation of the deoxynucleotides on two-dimensional thin-layer chromatography (2) , the yield of the individual dNTP spots was quantitated by HPLC as described in Materials and Methods. The dNTP pools varied less than twofold for any of the strains examined (Table 5 ). This variation in deoxynucleotide metabolism seems too low to account for the lack of mutagenicity of 2AP in a dam mutH double mutant.
DISCUSSION
The involvement of MutH in the repair of the adenine analog 2AP after its incorporation into DNA was studied in vivo by using a dam mutH strain carrying a plasmid with a temperature-sensitive mutH gene. According to the model proposed previously to explain the sensitivity of dam strains to 2AP (10) , the 2AP-C mnismatch is repaired by the methyldirected mismatch repair complex. In wild-type strains of E. coli, the enzymes are directed to the incorrect base on the daughter strand by the undermethylation of this strand. In dam mutants, the mismatch repair complex is unable to discriminate between the parental and the daughter strand and thus incises on either strand at the site of a mismatch.
Since the frequency of mismatches is increased in the presence of 2AP, two incision-excision events occurring on opposite strands in close proximity would lead to overlapping repair tracts. This would result in a lethal double-strand break in the DNA (50), although none has yet been observed in the presence of 2AP (31) . Consequently, three second-site mutations in three mutator genes (mutH, mutL, and mutS) were isolated that conferred 2AP resistance to dam mutants. As a result of this experiment, these three mutator gene products were identified as the methyl-directed DNA mismatch repair complex. An (25, 27-29, 48, 52) . In addition, the fact that overproducers of the Dam methylase are also hypermutable (17, 35) suggests that the methylation of DNA before it can be repaired will lead to mutation. The data that least support the model for mismatch correction in the repair of 2AP:C mismatches are from experiments that quantitate the amount of 2AP that is incorporated into the DNA of T4-infected cells. According to these experiments only one 2AP is incorporated for every 6,400 bases (12) . Of these only 5% are 2AP-C mismatches (51) . This means that a 2AP-C mismatch will occur at a frequency of only 1 per 64,000 base pairs. Although mismatch correction has been shown to occur over distances of approximately 3,000 base pairs (49), the frequency of 2AP-C mismatches seems too low to generate double-strand breaks as a result of excision repair. In addition, bacteriophage T4 encodes its own Dam methylase.
The T4 DNA methylase has been cloned; althoUgh it methylates the E. coli chromosomne at GATC sequences, it does not lower the spontaneous mutation frequency of E. coli dam mutants (46) . These (0.2 ,ug/ml, Table 4) is not found at high concentrations of 2AP (400 ,ug/ml, Fig. 4) . However, the data of Fig. 4 (6, 43) . Recent genetic evidence has shown that the mutation spectra for mutH, mutL, and mutS mutants are also transition mutations (42, 45) . Thus, if 2AP were inactivating the mismatch repair complex, then the resulting mutation spectrum would be indistinguishable from one caused exclusively by 2AP mispairing with cytosine. This model for 2AP mutagenesis can explain why an increase in the mutation frequency is not observed when mutH or dam mutH strains are exposed to 2AP, even though the incorporation of 2AP into their DNA is greatly increased. It might also explain the weakly mutagenic effect of 2AP on mammalian cells (43) which lack GATC methylation and presumably correct mismatches through a different recognition system. Although the 2AP lethality of dam strains is not yet understood, a specific inhibitory interaction between incorporated 2AP and the mismatch repair complex might predict the strong selection for dam mut double mutants when dam strains are exposed to 2AP (31) . Experiments are currently being performed to evaluate these possibilities.
